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ABSTRACT
Power Maximization of a Three-Phase Hydrokinetic Turbine
As Earth‘s expendable resources dwindle, the need for alternative, renewable en-
ergy sources grows. Out of this need, an old favorite source is rising in popularity:
small water turbines. Water-driven turbines first began as a means for turning mills,
and eventually evolved into massive dams that can power whole regions. This project
focused on the construction of, and testing the properties of, a small pico-hydro power
turbine. By using compressed air to drive the turbine, a representation of the peak
power output was measured, serving as a basis for determining the value of pico-power
systems in regards to the world‘s current energy production.
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Chapter 1
Introduction
1.1 Hydroelectricity
Hydro-power has been a consistent source of the world‘s power resources. The tech-
nology has changed, but the principle has not: using simple, renewable resources to
match society‘s needs. Whether it is enough power to give electricity to huge urban
sprawls, or powering a small grain station, all manners of hydropower are applica-
ble. According to the United States Energy Information Administration, just seven
percent of the United States‘ energy consumption comes from energy produced by
renewable resources. Of this, 29.1 percent comes from conventional hydroelectric
sources, such as large dams [1], meaning only two percent of the United States‘ over-
all energy consumption is from hydro sources. This leaves a considerable amount of
room for expansion, given the vast potential of water sources throughout the country.
The vast majority of hydropower sources are large scale, leaving the door open to
pico hydropower production. Pico power deals with lower-level production of power
generation, on the order of under a few kilowatts. They are meant for small cases,
powering just small communities or single houses and projects [2]. They can be made
at a relatively cheap cost, and applied to small streams. Depending on the desired
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power output range, hydro-turbines can be as small as a softball, or large enough to
span a whole river. With a small amount of circuitry, the output of these turbines can
be stored in capacitors, or other energy storage solutions, for later use, or put directly
into service powering devices or systems. Micro- and pico-systems can be designed in
multiple ways: axial-flow turbines, which have their axis along the flow of water, and
cross-flow (including vertical-axis) turbines that have their axis perpendicular to the
river flow, as shown below in figure 1.1.
Figure 1.1: (a) as listed, is an in-plane axis turbine, while (b)-(f) are variations of
vertical axis turbines [3]
This project focuses on one such turbine, exploring the power output of a cross-
flow turbine. A cross-flow turbine was selected for its flexibilty; they may be used
perpendicular to the riverbed, or they may be placed perpendicular to the riverbanks,
whereas axial turbines must be aligned directly into the current flow.
An in-plane axis turbine, like (a) in Figure 1.1, was selected for this project due
to its ease of production, and maximization of torque on each blade.
The goal of this project was to maximize the power of an in-plane axis turbine
2
through the use of a three-phase output, and demonstrate the turbine‘s behavior in
relation to the standard properties of turbine generators.
3
Chapter 2
Background
In order to convert kinetic energy into electrical energy, a generator must be used.
Generators typically consist of relative motion between magnets and coils. However,
when permanent magnets are used, the magnets are commonly selected to rotate,
instead of the coils. This is to ensure that the leads on the coils don‘t get tangled or
damaged.
2.1 Permanent Magnet Generators
At the core of this project is the axial-flux permanent magnet (AFPM) generator,
where magnets aligned in alternating order can rotate cross the face of the copper
coils. Permanent magnets were selected over the use of electrical magnets so that all
the electricity generated can flow entirely out of the generator.
The alternating magnetic poles over the coils causes an electromotive force (EMF).
This EMF is due to Faraday‘s Law of Induction, shown here.
V =
dφ
dt
(2.1)
Where the voltage increases as the rate that the magnetic flux, φ changes over
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the change in time. So, in effect, the faster the magnets spin, the more voltage will
be produced.
The alternating order of magnets is shown in Figure 2.1 below.
Figure 2.1: Diagram of magnet orientation.
The coils are aligned in a three-phase circuit in a y-connection, and go into the
rectification circuit as shown in the circuit diagram below.
Figure 2.2: Each phase of the generator goes into its own set of diodes. This arrang-
ment is a full wave rectifier circuit that converts the negative aspect of the wave into
positive voltage. The rectified waves then go into the load resistor to be measured
[4].
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This style was selected as it provides a smoother output, as is demonstrated in
Figure 2.3 below.
Figure 2.3: Diagram of the three-phase output. On top is the un-rectified output,
where each phase alternates between positive and negative. Below is the rectified
output, where the negative parts of the wave are converted to be positive. As a
result, the load only experiences the highlighted green part of the wave. [4]
2.2 Power Output
In order to determine the power output of a turbine, we first start with the basic
kinetic energy equation.
E =
1
2
mv2 (2.2)
Where the energy is equal to one-half the mass m times the velocity v squared.
Now, looking at the mass of a moving medium, the equation for mass is as follows.
m = Avtρ (2.3)
Where the mass is equal to the area, times the velocity of the medium, multiplied
by the time and the density.
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Substituting Equation 2.3 into Equation 2.2 yields:
E =
1
2
Atρv3 (2.4)
Now, energy and power are related by the following equation.
P =
E
t
(2.5)
so,
P =
1
2
Aρv3 (2.6)
However, turbines are not lossless systems, so a coeffecient for the effeciency must
be included. this results in the following equation.
P =
1
2
CPρAv
3 (2.7)
Where P is the mechanical power generated, CP is the coefficient of power from
the medium to the turbine, ρ is the density of the medium, A is the cross-sectional
area of the turbine blades, and v is the velocity of medium [5]. For wind turbines, the
maximum CP is determined to be
16
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and is termed to be the Betz Limit [6]. This says
that the maximum efficiency of a wind turbine can only be 59.3%, but research into
this for hydropower sources indicates that using water as a medium instead of air can
greatly increase this limit, far above 59.3% efficiency.[7] The standard calculation of
CP is given by a relation of the speed of medium in front of and behind the turbine,
but such calculations fell outside of the testing parameters.
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To calculate the power in this current project using the voltage output, the fol-
lowing equation is used.
P =
V 2
R
(2.8)
Where V is the voltage measured across a resistor, and R is the resistance.
In this project, with the rotating magnets above the coils, the voltage generated is
dependent upon Faraday‘s Law of Induction, shown in Equation 2.1.
2.3 Impedance Matching
In order to maximize the power in Equation 2.8 is to utitlize the principle known as
Impedance Matching. This leads the the power being maximized when the load resis-
tance matches the internal resistance of the turbine. This is to reduce the likelihood
of the signal ‘bouncing‘ back from the load into the internal resistance.
2.4 Forces
In the in-plane axis turbine, a long arm is used for the blade, where the torque is
given in the following equation
~τ = ~r × ~F (2.9)
Where torque τ is equal to the cross-product of the average distance of the arm,
r and the force F. In order to maximize the torque with the same amount of force
then, a longer lever arm must then be used (e.g. making the ~r longer).
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2.5 Energy Transformation
Shown here is a simple look at how the energies of this turbine are involved.
Figure 2.4: Diagram of medium-induced motion of the blades
In Figure 2.4 above, the medium interacts with the blades at a velocity v, causing
a force at a distance of ~r, which generates the torque in Equation 2.9. This torque
will generate angular accelaration. When the torque is balanced with the resistance
(friction and drag), the turbine will maintain a constant ω, provided the medium
flow is constant. The frequency this rotates at is directly related to the rate that
the magnetic flux changes over time, or dφ
dt
, generating voltage in accordance with
Equation 2.1.
9
Chapter 3
Methods
In order to test the properties of the constructed hydrokinetic generator, compressed
air is used. Air was selected as it was easier to test with. Air could be used to test
with anywhere that compressed air was available, and could be adjusted to produce
the air speeds needed. One issue noticed while testing with the compressed air is that
the air tank did not stay at a constant pressure. The tank would discharge down to 75
PSI before recharging to 125 PSI, in approximately three minutes. To mitigate this,
measurements were taken when the frequency was steadied, as determined by the
oscilliscope it was measured with. In testing, the air strikes the blades of the turbine,
the generator spins, converting kinetic energy into a three-phase electric voltage that
was then modified into direct current by a three-wave rectifier and applied to a load
resistance. This testing design is shown in Figure 3.1 below.
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Figure 3.1: Image of the test setup. Compressed air is used to sping the turbine blades
(A) spinning the disk (B) that contains the magnets over the disk (C) containing the
coils. The coils pass current to the rectifier circuit (D), through the variable resistor
(E) and the oscilloscope (F) measure the voltage across the resistor
3.1 Magnet Disk
This generator is built as an axial-flux permanent magnet generator, relying on mag-
nets spinning over copper coils. The disk with the magnets features six square-shaped,
N52 neodymium magnets, each a two-inch by two-inch square, with a depth of 1
2
”.
To maintain the magnets‘ location, a 1
8
” teflon disk was attached to the face of the
wooden disk. In addition to keeping the magnets in place, this teflon disk facillitates
rotation by reducing the friction between the magnetic disk and the coils disk.
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Figure 3.2: This image shows the alignment of magnets in the disk. Slots are cut to
allow the magnets to be fully seated inside the disk. The magnets are spaced equally,
with the placement measured from the center axis in order to be aligned over the
coils.
3.2 Coil Disk
The coils were constructed by wrapping the wire around a two-inch pipe, using a
lathe to rotate the wire, applying an epoxy every layer to maintain the shape of the
coil. The outer-diameter of each coil is two inches, a height of 3
8
”, and with each of
the nine coils averaging 55 turns. An early placement of the coils is shown in Figure
3.3.
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Figure 3.3: Coils placed on the wood that will become their disk housing. Paper tape
and epoxy help ensure that the coil maintains its shape.
The coils are placed inside the wooden disk and connected as they appear in the
next section.
3.3 Electrical Wiring
The coils are connected in a nine-coil configuration that outputs a three-phase wave
as the magnets rotate over them. The figure below shows the coil configuration.
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Figure 3.4: Diagram of the three-phase, nine-coil setup used in this project. Its
output is 120◦out of phase with each other.[8]
The output of this conﬁguration goes into the circuit diagram in Figure 2.2 to
convert the three waves into positive, rectiﬁed voltage.
3.4 Generator Construction
The design of this project has changed in the span of this project. As a result of this,
the 2” hole that is featured in the disks were rendered too large. To remedy this,
a series of adapters were machined to alow the disks to be attached to the center
axle, which was a diameter of only58”. The change to the58” axle was the result of
a change away from using a metal track between disks as a means for rotation. This
was shown to be an ineﬀective means for rotation, as the concentrations of metal
14
below the magnets led to the rotation of the magnets’ disks being puncuated at the
corners, so the movement was not smooth.
3.5 Turbine Construction
While this project began as a vertical (cross-flow) turbine, this was seen as likely to
produce small results, with the means of testing available. As a result, the project
begain to resemble a classical water wheel, where water only acts on (at most) half
of the blades. This design is shown below.
Figure 3.5: Three-dimensional model of the turbine
3.6 Testing the Turbine
In order to monitor the output of the generator, an oscilloscope is connected around
the variable resistor, and with the peak voltage measured. In order to produce a wide
array of data, the resistance was varied. Once the higher resistances were tested, I
moved down to the lower resistances. According to impedence matching, the maxi-
mum power should be produced at lower resistances, nearer to the internal impedence
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of the coils. Due to this system not being purely DC, the best way to determine the
resistance where power output is maximized is through the use of a variable resistor
as the load. This served to provide a wide array of data resistances and demonstrate
where the power was maximized.
16
Chapter 4
Results
Through testing, I measured the maximum voltage and the frequency. Bearing Equa-
tion 2.1 in mind, a positive linear correlation with frequency and voltage is expected.
As a result of my experimentation, the following voltage and frequencies were
measured:
Figure 4.1: This shows the maximum voltage measured against its frequency
As seen in the graph above, the voltage increased as frequency increased, which
was expected. This is due to the magnets having an increased interaction with the
coils, thus dφ
dt
in Equation 2.1, increasing the voltage generated.
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While higher frequencies were associated with higher voltages, higher power out-
put was not associated with higher voltages. This is due to Equation 2.8. While
voltage has a large effect on the power, resistance has an inverse effect. As the volt-
age had a maximum peak that is related to how fast the turbine can spin, the load
resistance was bounded only by choice. In using potentiometers, varying resistances
could be tested. Using Equation 2.8 with the data in Figure 4.1 and the resistances
for each test, the following graphs were produced.
Figure 4.2: This displays the peak power at each resistance tested, derived from the
peak voltage
This range of resistances is difficult to ascertain what and where the maximum
power is, but it serves to demonstrate how strong the inverse relationship that resis-
tance has with power.
Looking at the power generated in the range that is less than 25 Ω, a more clear
peak in power is observable.
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Figure 4.3: This displays the peak power at each resistance tested below 25 Ω
As can be seen from Figure 4.3, the peak power occurs at 15.1 Ω, with a power
generation of 3.4 Watts. This is resistance thus matches the internal impedance of
the turbine system, in accordance to the property of impedance matching, discussed
earlier.
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Chapter 5
Conclusion
Through testing the turbine discussed in this thesis, the maximum power of it was
determined to be 3.4 Watts. This was a bit under the intended power. This could be
due to several reasons. The axle rotated with ease, but the axle-posts were slightly
uneven, causing the rotor and the stator to rub against each other, causing the ro-
tation to be slowed, and the separation of the disks to not be uniform. The posts
were not adjusted to be in the correct aligment because moving them risked losing
the smooth movement the axle had. Another complication was due to the overall
construction of the turbine. The entire device shook as the turbine blades spun, with
increasing intensity as the blades increased frequency. This shaking led to a loss of
energy that would have otherwise been translated into electrical energy. Some stabi-
lizers were added parallel to the axle along the base, but this only prevented the base
from flexing due to the weight of the components. Despite the limiting factors, the
turbine followed the relationships that generators are governed by.
In the future, it would be useful to modify this turbine to be capable of being
tested in the water, in order to be a practical hydrokinetic generator. For that to
happen, the circuitry would need to be waterproof, and the blades would need to be
longer. Waterproofing the circuit would eliminate the risk of shorting out the wiring
due to water, while extending the blades would mean that the device would not need
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to be partially submerged in order to work. Something else that would be interesting
to examine is different blade designs, such as designs that do more to trap the medium
that is flowing into the blades. Modelling this type of turbine computationally would
be incredibly valuable too as it can provide modelling to demonstrate what the turbine
should be producing under ideal conditions. Lastly, and more directly applicable to
this specific design, making the device more stable would help to reduce the vibrations
of the turbine, increasing the ability to generate electricity.
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